Posterolateral spinal fusion is the standard treatment for lumbar compression fractures. Adult adipose tissue-derived stem cells (ASCs) promote osteogenesis in vivo and in vitro. The hypothesis tested in this study was that syngeneic and allogeneic ASCs on a biomaterial scaffold composed of tricalcium phosphate and collagen I will accelerate spinal fusion in a rat model. ASCs from male Fischer or ACI rats were loaded onto scaffolds (53,571 cells/mm 3 ) and cultured in stromal media for 48 h. Male Fisher rats were assigned to 4 cohorts (n = 14/cohort) after bilateral decortication of the L4 and L5 transverse processes: (1) No treatment; (2) scaffold only; (3) scaffold + syngeneic ASCs; or (4) scaffold + allogeneic ASCs. Half of each cohort was harvested 4 or 8 weeks after surgery. Spinal fusion was evaluated with radiographs, microcomputed tomography, and light microscopy. Callus did not form in spines without scaffolds. There were no significant differences in callus formation among scaffold cohorts 4 weeks after surgery. Callus formation was more mature in both ASC cohorts versus scaffold alone 8 weeks after surgery based on microstructure as well as radiographic and microcomputed tomographic evidence of active bone formation. Inflammatory cell infiltrate was significantly lower in both ASC cohorts (syngeneic = 18.3±0.85%; allogeneic = 23.5±2.33%) versus scaffold alone (46.8±11.8%) 4 weeks after surgery. Results of this study support syngeneic and allogeneic ASC acceleration of posterior lumbar spinal fusion in a rat model.
disease transmission surround its use. 3 Additionally, allograft bone has been used successfully in the cervical and lumbar spine, but fusion rates for multilevel cervical and posterior lumbar procedures are much lower. 4 These and other difficulties with bone grafts drive intensive research efforts to develop alternative spinal fusion procedures.
There are more than 185,000 spinal arthrodesis procedures performed in the United States each year. 3 Regardless of the technique used to achieve lumbar fusion for spinal stabilization, fusion rates are variable. 5 In addition, pseudoarthrosis after noninstrumented lumbar intertransverse fusion is as high as 40%. 6 There are anumber of factors inherent to the spine contributing to failure of the fusion process including tensile forces, low parent bone surface, and interference by surrounding musculature. 7 Concomitant patient conditions such as advanced age and osteoporosis as well as corticosteroid, tobacco, and nonsteroidal anti-inflammatory drug use also interfere with successful spinal fusion. 4 Methods to facilitate the process of spinal fusion will significantly improve patient outcome despite potential complicating factors.
Adult bone marrow-derived mesenchymal stem cells (BMSCs) are used widely in tissue engineering. 8 The multipotent differentiation capability and self-regeneration capacity of BMSCs make them strong candidates for tissue regeneration applications. 9 Furthermore, BMSCs display properties of immune privilege allowing them to be transplanted allogeneically without immune rejection. 10, 11 The BMSCs are well characterized and enhance fracture repair in both human patients and animal models. 8, 5, 9, 12 Adipose tissue has been described more recently as an abundant source of adult mesenchymal-like stem cells capable of differentiating toward adipogenic, chondrogenic, myogenic, neurogenic, or osteogenic lineages, 8, 9, [12] [13] [14] [15] [16] [17] [18] although there are conflicting reports surrounding the ability of adult adipose derived stem cells (ASCs) to differentiate into neurons. 19 The capacity of ASCs to generate bone both in vivo and in vitro is well established, and recently, human ASCs were shown to accelerate bone formation in a rat calvarial defect model. 8, [16] [17] [18] The relative ease of harvest and availability of higher numbers of ASCs compared to BMSCs support investigation of ASCs for bone regeneration purposes. 8, 9, [12] [13] [14] [15] [16] [17] [18] In addition, ASCs have recently been reported to exhibit properties of immune privilege suggesting that they can be successfully transplanted from one individual to another. 20, 21 The focus of investigations surrounding adult stem cell applications to accelerate spinal fusion has been primarily on BMSCs, and there have been encouraging results for their potential application. 3, [22] [23] [24] However, equivalent information surrounding the use of ASCs for the same purpose is limited. 15, 17 This study was designed to investigate the effects of syngeneic and allogeneic ASCs on a bioabsorbable scaffold in a rat lumbar fusion model to test the hypothesis that both ASC populations would enhance the fusion process compared to scaffold alone or no treatment.
MATERIALS AND METHODS

Experimental Design
This study was performed in accordance with institutional and National Institutes of Health regulations governing the treatment of vertebrate animals. Procedures were initiated after approval by the University Animal Care Committee. ASCs were produced from inguinal adipose tissue derived from Fisher and ACI rats, expanded over four to five passages and cryopreserved in liquid nitrogen until use. Prior to surgery, ASCs were thawed, rinsed, resuspended in media, and loaded onto scaffolds. They were cultured for 48 h prior to application. A total of 56, 10-week-old male Fisher rats weighing 210 ± 2.08 g (mean ± SEM), were used for the spinal fusion aspect of the study. Animals were randomly assigned to four different treatment cohorts after bilateral decortication of the L4 and L5 transverse processes (n = 14/cohort): (1) no treatment; (2) scaffold only; (3) scaffold + syngeneic ASCs; or (4) scaffold + allogeneic ASCs. Half of each cohort was harvested 4 or 8 weeks after surgery.
Spinal fusion was evaluated with radiography, microcomputed tomography, and light microscopy.
ASC Isolation and Cell Loading
All chemical reagents were obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific International, Inc. (Hampton, NH) unless otherwise indicated. Inguinal adipose tissue was harvested from 10-week-old male Fisher and ACI rats immediately following euthanasia by carbon monoxide asphyxiation. Isolation of ASCs was performed according to published methodologies. 25 Briefly, tissue was minced, washed, and suspended in an equal volume of phosphate-buffered saline containing 1% bovine serum albumin and 0.1% collagenase type I (Worthington Biochemical, Lakewood, NJ). Following a 60-min digestion at 37°C with agitation (50 rpm), the suspension was centrifuged at 1200 rpm for 5 min at room temperature to pellet cells from the stromal vascular fraction. The stromal vascular cells were plated at a density of 0.1 g of tissue digest per cm 2 in stromal media composed of Alpha Modified Eagles Medium (Gibco, Grand Island, NY) supplemented with 10% screened fetal bovine serum (Hyclone, Logan, UT) and1% antibiotic/antimycotic (Invitrogen, Carlsbad, CA). The cells were incubated for 3 to 6 days in a humidified 5% CO 2 incubator until they reached approximately 75% confluency, yielding about 25-30 × 10 4 cells/cm 2 . At that time, the cells were passaged at a plating density of 5 × 10 3 cells/cm 2 and expanded to four or five passages. Cells were cryopreserved in aliquots of 7.5 × 10 6 cells/mL. The cryopreservation medium contained 90% fetal calf serum and 10% dimethyl sulfoxide (DMSO). 15 Cells were placed into a Nalgene Freezing Container (Nalgene, Rochester, NY) for 24 h at −80°C before transfer to liquid nitrogen.
Prior to surgery, cells were thawed and centrifuged at 1200 rpm for 5 min following addition of a 15:1 volume of stromal media to rinse the cells of cryopreservation media. Pelleted cells were resuspended in stromal media and loaded onto sterile, 7 × 5 × 2 mm β-tricalcium phosphate (80%)/type I bovine collagen blocks (20%) (Vitoss, Orthovita, Malvern, PA). The scaffolds are 88-92% porous, with pore diameters ranging from 1 to 1000 µm. Scaffolds were submerged in culturemedium for 5-10 mins, after which excess medium was withdrawn with a pipette. The cell suspension was slowly pipetted onto the scaffold using a 1000 µL pipetter to draw the suspension bidirectionally five times. Cells were loaded onto scaffolds at a concentration of 7500 cells/µL for a cell density of 3.75 × 10 6 cell/scaffold (53,571 cells/ mm 3 ). They were allowed to adhere for 48 h in stromal medium before implantation.
Surgical Implantation
The rat posterolateral lumbar spinal fusion surgery was performed as previously described. 26 Briefly, male Fisher rats (Harlan Sprague-Dawley, Indianapolis, IN) were premedicated with a subcutaneous injection of 0.02 mg/kg glycopyrrolate (Robinul-V, Fort Dodge Animal Health, Fort Dodge, IA) and 0.5 mg/kg butorphanol (Torbugesic, Fort Dodge Animal Health). After 20 min, rats were administered isoflurane in an induction chamber to induce anesthesia. They were then maintained at 1.5% isoflurane via nose cone on a Bain circuit for the remainder of the procedure. The lumbar region was clipped and aseptically prepared with betadine and 70% isopropanol. A posterior midline skin incision was made over the lumbar spine. Two fascial incisions were made 3 mm lateral and parallel to the spinus processes. The L4 and L5 transverse processes were exposed using a combination of sharp and blunt dissection that was limited to the specific area of interest. A high-speed burr was used to decorticate the transverse processes bilaterally. The surgical sites were thoroughly lavaged with physiologic saline. Based on cohort assignment, scaffolds without cells or with syngeneic or allogeneic ASCs were placed on both sides of the spine such that they spanned between the midpoint of each transverse process. Just prior to placement, one corner of each scaffold was collected for scanning electron microscopic confirmation of cell loading. Animals in the no-treatment cohort underwent decortication alone. Fascial and subcutaneous incisions were closed separately with 3-0 polyglactin 910 (Vicryl, Ethicon, Somerville, NJ) in a simple continuous pattern. To prevent migration, closure of the fascia around the implants effectively obliterated any potential space. Subcutaneous tissue was apposed similarly. Skin closure was achieved with tissue adhesive (Vetbond, 3 M, St. Paul, MN). Seven animals from each cohort were humanely euthanized by CO 2 asphyxiation 4 or 8 weeks after surgery.
Radiography
Anteroposterior and lateral spinal radiographs were performed postoperatively to confirm accurate scaffold placement and postmortem 4 or 8 weeks after implantation. Spines were evaluated for evidence of fusion by observers blinded to treatment, but the presence of the radio-opaque scaffold prevented accurate quantification of spinal fusion by standard scoring systems at the 4-week time point, a complication that has been previously described. 26 Radiographs were scored with the following system: 0 = no evidence of new bone formation; 1 = minimal bone formation without fusion; 2 = immature bone formation with questionable fusion; and 3 = solid bone with fusion likely. Each side of the spine was scored separately, and scores were combined for statistical analysis.
Scanning Electron Microscopy (SEM)
Cell loading onto the scaffolds was confirmed with SEM. Scaffold samples collected during surgery were fixed in 2% paraformaldahyde and 1.25% glutaraldehyde in 0.1 M sodium cacodylate (NaCaC) buffer, pH 7.4. Samples were rinsed in the same buffer and incubated with 1% osmium tetroxide in 0.1 M NaCaC. They were dehydrated in a series of ethanol-distilled water solutions, critical point dried from CO 2 in a Polaron bomb, and then sputter coated with gold and palladium. Samples were imaged with a scanning electron microscope (Quanta 200, FEI Company, Hillsboro, OR) at 15 kVP. The morphology of cells adhered to scaffold was objectively assessed in each sample.
Microcomputed Tomography
Spines were harvested immediately postmortem. Two-dimensional (2D) microcomputed tomography (µ-CT) imaging was performed by use of 0.04-mm slice widths with settings of 40 kV and 540 ms through a 180° rotation with imaging at 0.9° steps (SkyScan 1074, Skyscan n.v., Belgium). Two-(CTan, v 1.5.0.0) and three-dimensional (3D) (Mimics v 10.1, Materialise, Ann Arbor, MI) reconstructions were generated. Measurements on 2D and 3D images were performed with Mimics or CTan software packages, respectively. Total bone area (µm 2 ), bone perimeter (µm), and percent porosity (%) was measured on 2D slices at the level of the distal metaphysis of L4, the intervertebral space, and the proximal metaphysis of L5. For purposes of this study, metaphyses were considered to be at the midpoint of a line drawn between the closest intervertebral space and the middiaphysis of the vertebral body. The mean of the three slices was used for all statistical analyses. Total bony volume (mm 3 ) and surface area (mm 2 ) of the vertebral bodies, transverse processes, and fusion callus of L4 and L5 were measured on 3D images. Values were normalized to the anterior surface length of L5. Additionally, spinal fusion was quantified from the anterior aspect of each spine on 3D images by three independent observers blinded to treatment. The amount of bone between the transverse processes of L4 and L5 was evaluated using the radiographic fusion scoring system described above.
Histology
Spines were fixed in neutral-buffered 10% formalin and decalcified in citric-buffered formic acid. After decalcification, specimens were embedded in paraffin, and 5-µm-thick sections were stained with Masson's trichrome and H&E. The former stain produces high contrast images with red bone, blue collagen, pink cell cytoplasm, and black cell nuclei. 27 Photomicrographs of each callus were generated with a digital camera (Model DFC 480, Leica Microsystems Inc., Bannockburn, IL) integrated into a light microscope (Model DM5000, Leica Microsystems Inc.) with polarizing capabilities. The midpoint of each callus was placed in the center of the field of view for all photomicrographs. The entire fusion mass was visible at a magnification of 5×. Bright-field images followed by polarized light images of sections stained with Masson's trichrome were captured. Next, a 40× bright-field photomicrograph of the center of the fusion mass was captured. The digital image data were exported as uncompressed tagged-image file format files and implemented in Adobe Photoshop v 7.0 (Adobe Systems Inc., Seattle, WA). Paired low magnification images were superimposed and the number of pixels corresponding to refractile tissue was quantified, divided by the total number of pixels in each image, and the quotient was multiplied by 100 to give a percentage. This procedure was performed to determine the percentage of lamellar bone in each sample. Due to parallel alignment of collagen fibers in lamellar bone versus woven bone or fibrous callus, polarized light is transmitted when the polarizers and lamellae are in the same plane, so lamellar bone is refractile when viewed with polarized light. The total number of inflammatory cells visible in each high magnification image was determined. Inflammatory cell infiltrate was distinguished based on standard phenotypic morphology and confirmed on H&E stained sections. 28 
Statistics
Treatment group comparisons for interval-scaled response variables were conducted using ANOVA models. The assumptions of normality and homoskedasticity were jointly assessed using the Breusch-Pagan/Cook-Weisberg test. For those variables for which the hypothesis of normality and homoskedasticity was rejected (p<0.05), the ANOVA-based tests used permutation methods to determine statistical significance. For each response variable, four a priori treatment group contrasts were tested. Adjustment for multiple testing was made using Sidak's method to control test size for each set of four contrasts at α = 0.05. MANOVA was used to test the four treatment group contrasts for multivariate differences. Significance was considered at p ≤ 0.05.
RESULTS
Animals
All rats tolerated the surgical procedure well and survived to the appropriate study end points without complications.
SEM
Cells were evident in all loaded scaffolds based on SEM imaging (Fig. 1 ). All cells evaluated had smooth surface contours and distinct points of attachment to the scaffold. There was no evidence of plasma membrane deformations or blebbing characteristic of cell demise.
Radiography
The presence of scaffold prevented accurate assessment of radiographic spinal fusion 4 weeks after implantation. This was due to the fact that remnants of scaffold were still visible 4 weeks after implantation based on direct comparisons of postoperative and 4-week postoperative radiographs. Although new bone was apparent at 4 weeks, it was difficult to quantify separately from scaffold, so it was not statistically analyzed in this study. Scaffold remnants were not detectable 8 weeks after implantation. Fusion scores in the allogeneic and syngeneic ASC scaffold cohorts were higher than the scaffold alone cohort 8 weeks after surgery, but the differences were not significantly different among the three cohorts (Table 1) . Additionally, callus was more mature based on a higher level of organization and less reactive bone in spines with ASC loaded scaffolds versus those with scaffold alone (Fig. 2) . Overall, there was no effect of time or treatment on radiographic spinal fusion 8 weeks after implantation among scaffold treatment groups. There was no radiographic evidence of callus formation in the no treatment cohort throughout the study.
Microcomputed Tomography
2D CT-Bone area, perimeter, and percent porosity were significantly greater in the spines with scaffold versus those with no treatment regardless of the presence of ASCs at both time points. However, there was no effect of time or treatment among the scaffold treatment cohorts. Notably, bone area decreased or remained approximately the same in the allogeneic and syngeneic ASC cohorts, respectively, whereas it increased in the scaffold-only treatment group between the 4-and 8-week time points (Table 1) . Bone perimeter increased in the scaffoldonly treatment group, whereas it decreased in both the ASC treatment cohorts between 4 and 8 weeks. Finally, bone porosity increased in all three scaffold cohorts between 4 and 8 weeks, but the change was substantially higher in the scaffold-only treatment group versus the ASC treatment groups. Although these changes did not reach significance in this study, they are consistent with a more rapid remodeling process in the ASC loaded scaffolds.
3D CT-Normalized bone volume and area were significantly lower in the no-treatment cohort versus the scaffold treatment cohorts 4 and 8 weeks postimplantation; however, there was no effect of time or treatment among the scaffold treatment cohorts (Table 1) . Bone volume decreased in both the allogeneic and syngeneic treatment groups between 4 and 8 weeks after implantation. It remained essentially the same in the scaffold only treatment group. Bone area decreased in all three treatment groups between time points, but least in the scaffold-only treatment group. These results are consistent with those described above.
Spinal Fusion-There were no effects of treatment on fusion scores among scaffold treatment cohorts with or without ASCs 8 weeks after implantation. Again, callus was more highly organized in the spines with ASC loaded scaffolds versus those with scaffold alone 8 weeks after implantation, consistent with a higher degree of remodeling (Fig. 3) . Callus did not form in the no-treatment cohort during the study, and the presence of radio-opaque callus again complicated interpretation of fusion 4 weeks after implantation, so it was not statistically analyzed in this study.
Histology
There was poorly organized fibrous tissue with minimal inflammation between the L4 and L5 transverse processes in the no-treatment cohort at both time points. The fusion mass in all three groups was primarily fibrocartilagenous, with evidence of scaffold remnants 4 weeks after implantation, and there was no difference in refractile tissue percentage among scaffold treatment cohorts (Table 1 ). The fusion masses in the ASC treatment groups contained a significantly higher percentage of lamellar bone compared to the scaffold only treatment groups evidenced by a significantly greater percentage of refractile tissue in the tissue mass of the ASC treatment groups (Fig. 4) . Four weeks after implantation, there was evidence of inflammation in all groups, but cell numbers were significantly higher in the scaffold only treatment group compared to both ASC treatment groups, which were not significantly different (Table 1) . Inflammation was reduced 8 weeks after implantation compared to the 4-week time point, and there was no difference among scaffold treatment groups (Fig. 5) .
DISCUSSION
Spinal fusion is an established treatment for degenerative and traumatic lumbar spine disorders. 2 Recently, patients treated with surgical stabilization for degenerative lumbar spondylolisthesis had better clinical outcomes than patients treated nonsurgically. 29 Mechanisms to accelerate the fusion process and obviate the need for bone grafting will decrease patient morbidity and contribute to improved outcomes. Implantation of ASCs may accomplish this clinical goal. In this investigation, syngeneic and allogeneic ASCs on a biocompatible scaffold resulted in superior callus maturation and remodeling 8 weeks after implantation compared to scaffold alone or no treatment in a rat model of lumbar fusion. Additionally, inflammatory cell infiltrate was significantly higher in spinal fusion masses with scaffold alone versus those with scaffolds and ASCs 4 weeks after implantation. The results of this study support continued investigation on the use of both allogeneic and syngeneic ASCs to facilitate and accelerate spinal fusion.
Adult BMSCs have been the focus of the majority of adult stem cell investigations to date 8, 12 including their use to augment spinal fusion. 23, 24 ASCs have received increased attention for tissue engineering purposes due to their equivalent phenotypic plasticity, greater abundance, and lower harvest morbidity relative to BMSCs. 8 Most investigations surrounding ASC osteogenic potential have been in vitro or subcutaneous implantation in vivo studies; 8, 9, 12, 15, 16, 18, 25 however, ASCs have been applied in animal models of long bone fracture and calvarial defect healing. 12, 14 A recent study has demonstrated that porcine ASCs engineered to express bone morphogenetic protein 6 improved spinal fusion in an immunodeficient murine model. 17 The microenvironment regulates stem cell commitment toward specific lineages through intrinsic and extrinsic factors. 30 Due to complex interactions between stem cells and their environments, characterization of their behavior for specific applications is vital to optimizing their full therapeutic potential. The design of this study was based on this consideration as well as for comparative and translational purposes. The rat model of lumbar fusion is well established 26 and given the immunological characterization of rat strains, suitable for the evaluation of syngeneic and allogeneic ASC applications. Investigations in large animal spinal fusion models will be necessary to further characterize allogeneic and syngeneic behavior in vivo.
Quantity and quality of bone formation by transplanted stem cells relies in part on the carrier scaffold. 31 The ideal stem cell carrier differs between species and stem cell tissue of origin. 13, 15, 16, 31 For this investigation, the bioabsorbable scaffold was selected based on current surgical applications and published information surrounding stem cell/scaffold interactions. The adherent ASCs on the scaffolds had normal morphology based on SEM imaging; however, precise quantification of viable cell numbers within each scaffold was not performed. Optimization of the loading mechanism for highly consistent stem cell loading will contribute to the benefits of this procedure, although this was beyond the purview of the current study. 16 Future studies will include compositional outcome measures and mRNA analyses to control for potential limitations imposed by the presence of the scaffold alone.
The ideal bone graft substitute for spinal fusion has osteoinductive, osteoconductive, and osteogenic capabilities inherent to native bone. The osteogenic quality has yet to be filled by traditional bone graft substitutes. 1, 15 The current study reports accelerated fusion callus maturation in ASC treatment cohorts. Increases in 2D CT bone area and perimeter compared to maintenance or decreases in ASC treatment cohorts between 4 and 8 weeks are consistent with callus production in the scaffold group versus remodeling in the ASC groups. The 3DCTdata are consistent with the 2D data regarding the greatest decreases in bone volume and area in ASC cohorts. Evaluation of two CT image types allowed regional (2D) as well as whole structural (3D) outcome measures. The largest increases in 2D CT bone porosity in the scaffold only treatment group reflects slower callus calcification following scaffold resorption as substantiated by bright-field and polarized light microscopy. Adult ASCs produce and ossify extracellular matrix in vitro and in vivo. 13, 15, 16, 18 Osteocalcin and alkaline phosphatase mRNA and protein levels are increased in association with the osteoblastic induction and matrix mineralization process. 14 The ability of ASCs to assume an osteogenic phenotype obviates the cell recruitment and migration steps necessary for matrix production and mineralization, providing a temporal advantage over unloaded scaffolds. It is possible that higher cell loading densities, as well as preculture induction mechanisms will improve upon this advantage. 15, 18, 31 Future investigations will optimize these parameters based on information derived from the current study. Inclusion of earlier evaluation points may document further benefits of ASC implantation on spinal fusion.
It is promising that large callus volumes were not generated in this study. Unnecessary or exuberant callus can cause significant morbidity by impinging on and damaging surrounding tissues such as nerve, muscle, bone, and intervertebral disc. 32 Acceleration of spinal fusion without abundant callus may be illustrative of the inherent advantages of stem cells.
Both allogeneic and syngeneic ASCs were compared to investigate the feasibility of allogeneic ASC applications. There was significantly lower inflammatory cell infiltrate in the spinal fusion masses with ASC loaded scaffolds versus scaffold alone 4 weeks after implantation in this study. Lower numbers of inflammatory cells in cell-loaded scaffolds may be attributed to antiproliferative effects of ASCs on T cells 20, 21 or possibly to localized high concentrations of SDF-1 produced by ASCs, 33 which have a repulsive effect on T cells. The initial inflammatory reaction observed in this study was likely directed against the scaffold which resolved with scaffold resorption as previously reported. 34 There was no difference in inflammatory infiltration between the two cell types in this study, consistent with immunosuppression by both allogeneic and syngeneic cells. The effect of ASC implantation on the systemic immune response in the spinal fusion model is the subject of a separate manuscript (submitted).
In conclusion, the results of this study support the benefits of ASC loaded scaffolds to facilitate spinal fusion. Reduced inflammation at an early time point and superior fusion mass mineralization and remodeling are clear advantages over scaffold alone. ASCs exhibit the benefits of bone marrow grafts without the associated morbidity or recognized potential for disease transmission. Additionally, use of "off the self" allogeneic cells will be advantageous in emergency situations or for patients with comorbidities or advanced age, reducing the availability of accessible adipose depots. Thus, the use of ASCs for spinal fusion as well as general bone regeneration merit further investigation as a therapeutic modality. Scanning electron photomicrographs of syngeneic (A) and allogeneic (B) ASCs (arrow heads) adhered to collagen fibrils (arrows) in the carrier scaffold just prior to implantation. Radiographs of the lumbar vertebra performed immediately (postop) and 8 weeks after implantation (8 weeks) of representative animals in each treatment cohort. The lumbar vertebra labeled in the first image are congruent with all images shown. The radioopaque scaffold is evident in the postop radiographs from scaffold treatment cohorts (white arrows). Callus is smaller, more organized, and less active in the ASC treatment cohorts 8 weeks after implantation (white arrows). Representative 3D reconstructions from µ-CT slices of the L4 (top) and L5 (bottom) vertebral bodies viewed from the anterior surface of the four treatment cohorts at each time point. Callus was more highly organized in the spines with ASC loaded scaffolds versus those with scaffold alone 8 weeks after implantation, consistent with a higher degree of remodeling. Photomicrographs of representative fusion masses (5×) from ASC treatment cohorts 8 weeks after implantation. Bright-field images (upper) followed by polarized light images of sections stained with Masson's trichrome were captured. Paired images were superimposed for quantification of refractile tissue (black arrows) with graphics software (lower). Light diffraction due to tissue mineralization is pseudocolored red in composite images. Fibrous tissue (F) is visible in each image and transverse processes (T) are visible in two of the images. A vertebral body is apparent in the scaffold only image (arrow head). Photomicrographs of the center of fusion masses (40×) from ASC treatment cohorts 4 weeks after implantation. Collagen fibers (black arrow head), scaffold remnants (large black arrow), woven bone (gray arrow), and amorphous matrix (gray arrow head) were evident in most images. Inflammatory infiltrate (small black arrow head) was significantly greater in the scaffold only treatment group (A) compared to the syngeneic (B) and allogeneic (C) ASC treatment groups that were not significantly different from one another. Higher magnifications of areas contained within black squares of each image illustrate the inflammatory infiltrate (A) and amorphous matrix (B and C) evident in the lower magnification images. 
